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INTRODUCTION 

The u t i l i z a t i o n  of ozone and f l u o r i n e  as l i q u i d  oxid izers  has  
been an a i m  of rocke t  technologis t s  f o r  many years .  I t  has  been 
known f o r  some t i m e  t h a t  l i q u i d  ozone and f l u o r i n e  a r e  miscible  
over t he  e n t i r e  composition range,  i n  c o n t r a s t  t o  t he  ozone-oxygen 
s y s t e m ,  which has  a consolu te  temperature of 93OK. 

Inves t iga to r s  a t  NASA have computed the  s p e c i f i c  impulse of 
ozone-fluorine mixtures  w i t h  JP-4 and have shown t h a t  a maximum 
occurs  a t  about 30 w t  % ozone.' 
f o r  a more complete eva lua t ion  of th i s  s y s t e m  have not been ava i lab le .  
I t  w a s ,  t he re fo re ,  the purpose of t h i s  study t o  measure t h e  dens i ty ,  
s u r f a c e  tens ion ,  v i s c o s i t y ,  and vapor-liquid e q u i l i b r i a .  

The phys ica l  p rope r t i e s  necessary 

EXPERItllENTAL 

Density 

A b o r o s i l i c a t e  glass U-tube, 4 nun i n  I . D .  and 10 c m  long,  was 
used f o r  the dens i ty  measurements.* 
ozone was t r a n s f e r r e d  t o  t h e  U-tube, and the  procedure w a s  repeated 
wi th  enough l i q u i d  f l u o r i n e  t o  r e s u l t  i n  a s o l u t i o n  of the des i red  
concentrat ion.  The va lves  sepa ra t ing  the l e g s  of the U-tube w e r e  
c losed  and the s o l u t i o n  w a s  mixed. The metal tubes conta in ing  the 
equi l ibr ium vapor over each l e g  w e r e  then hea ted  s l i g h t l y .  Since 
t h e  vapor cons i s t ed  almost  e n t i r e l y  of f l u o r i n e ,  i t  is be l ieved  t h a t  
hea t ing  d id  not  change t h e  composition, b u t  caused the gas t o  bubble 
through the  l i q u i d ,  thus  in su r ing  thorough mixing. While a s l i g h t  
p re s su re  was maintained on one l e g  of t he  U-tube, the l i q u i d  l e v e l  
of t h e  ozone-fluorine mixture  and the l eve l  of t h e  re ference  
fluorocarbon manometer w e r e  measured w i t h  a cathetometer.  The 
d e n s i t i e s  obtained i n  t h i s  manner a r e  shown i n  Table 1. 

A measured amount of l i q u i d  

These da ta  w e r e  then reduced t o  s t r a i g h t  l i n e  func t ions  on the  
I n s t i t u t e ' s  Univac 1105 computer by the method of l e a s t  squares .  
The computer program f o r  t h i s  purpose was a v a i l a b l e  from a previous 
s tudy ,  hence the r educ t ion  w a s  r e a d i l y  accomplished. Equations f o r  
determining t h e  dens i ty  of  l i q u i d  ozone-f l uo r ine  mixtures a t  t h e  
two temperatures i n v e s t i g a t e d  are: 

- 0.1009 ( w t  f r a c t i o n  03) + 1.4704 p -183 OC -- 
(dev ia t ion  = +0.0013) 

* 
This work w a s  supported a t  I I T  Research I n s t i t u t e  by t h e  National 
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= 0.0534 ( w t  f r a c t i o n  03) + 1.5611 
f' -195.8OC 

(devia t ion  = 20.0024) 

Table 1 

DENSITY OF L I Q U I D  OZONE-FLUORINE MIXTURES 

( 2 )  

Ozone 
Temperature, Concentration, 

OC w t  % 

-183 0 .o 
31 -0 
84.6 
100 .o 

-195.8 0.0 
23.0 
61.8 
100.0 

Density,  q/ cc 
Measured Calculated* 

1.472 1.470 
1.499 1.502 
1.557 1.556 
1.571 1.571 

1.561 . 1.561 
1.573 1.573 
1.595 1.594 
1.614 1.615 

* 
From E q  (1) and ( 2 ) .  

Viscosi ty  

modified Ostwald viscometer,2 which was used with a v a r i a b l e  volume 
of l i q u i d .  
tubing ( 4  mm i n  I . D . )  with a c a p i l l a r y  s e c t i o n  0.203 nun i n  diameter 
and 1 2  c m  long. 

To f o r c e  t h e  l i q u i d  to  a convenient h e i g h t  above t h e  c a p i l l a r y  

The v i s c o s i t y  of ozone-fluorine mixtures was determined i n  a 

The viscometer was made from prec is ion-bore , .g lass  

s e c t i o n ,  e i t h e r  helium pressure  was used, o r  the m e t a l  t ubes  
containing t h e  equi l ibr ium vapor over each l e g  w e r e  hea ted  a f t e r  
t h e  valves had been closed. Then the va lve  i s o l a t i n g  t h e  two arms 
of t h e  viscometer w a s  opened and t h e  readings of the h e i g h t ,  h ,  of 
l i q u i d  a s  it f e l l  through t h e  c a p i l l a r y  w e r e  taken as a func t ion  
of time. The dr iv ing  pressure  w a s  p ropor t iona l  to the d i f f e r e n c e  
between the l i q u i d  and t h e  equi l ibr ium l e v e l s  (h - he) and, i n  
uniform bore tubing,  t h e  rate of flow was propor t iona l  to dh/dt. 
Hence, f o r  l i q u i d s  following P o i s e u i l l e ' s  l a w ,  l o g  ( h  - he) should 
be proport ional  t o  t h e  t i m e  of flow. 
between log (h - he) and t i m e  was obtained,  which shows that ozone- 
f l u o r i n e  so lu t ions  are Newtonian f l u i d s .  

For convenience, the h a l f  t i m e  ( t  / 2 ) ,  which i s  t h e  t i m e  
requi red  f o r  t h e  l i r p i d  t o  f a l l  one h a l f  the d i s t a n c e  from t h e  
i n i t i a l  l e v e l  to t h e  equi l ibr ium l e v e l ,  w a s  determined from graphs 
of t h e  time-height funct ions.  The v i s c o s i t y  w a s  c a l c u l a t e d  from 
t h e  equation: 

I n  every case  a l i n e a r  r e l a t i o n  
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w h e r e  

p = v i s c o s i t y  
p = dens i ty  of t he  f l u i d ,  g/cc 
C = an appara tus  cons t an t  determ'ned with l i q u i d s  of 

known v i s c o - i t y  (1.289 x lo-' centipoise-cc/sec- 
gram). 

The r e s u l t s  shown i n  Table  2 r ep resen t  a t  l e a s t  two independent 
measurements €or each v i s c o s i t y  repor ted .  

Table 2 

VISCOSITY O F  OZONE-FLUORINE MIXTURES 
- 
Ozone Concentrat ion,  Viscos i ty ,  cp 

mole % -183OC -195.8OC 
100.0 

79.1 
70.5 
30.5 
26.8 
0.0 

1.55 5 0.01 4.15 5 0.04 
0.905 2 0.01 

0.343 2 0.03 
1.95 f 0.01 

0.682 2 0.02 
0.208 2 0.01 0.344 2 0.01 

Surface  Tension 

The su r face  t ens ion  of var ious ozone-f l u o r i n e  mixtures  w a s  
determined by the c a p i l l a r y  r ise method i n  t h e  apparatus  used f o r  
t h e  v i s c o s i t y  measurements. The fol lowing equat ion w a s  used: 

where 

T = s u r f a c e  t ens ion  
r = r a d i u s  of  c a p i l l a r y ,  c m  
h = c a p i l l a r y  rise, c m  
p = dens i ty  of  s o l u t i o n ,  g/cc 
g = g r a v i t a t i o n a l  cons tan t ,  cm/sec2 

Resul t s  a t  -183 and -195.8OC a r e  given i n  Table 3. 

/" 
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Table 3 

SURFACE TENSION OF OZONE-FLUORINE MIXTURES 

Surface Tension, 

mole % -183OC -195.8OC 
100.0 39.9 43.5 

Ozone Concentration, dynes/cm 

79.1 30.2 
70.5 
30.5 

35.6 
19.1 

26.0 22.4 
0.0 1 2 . 3 .  15.5 

VaDor Pressure 

Two d i f f e r e n t  techniques w e r e  used i n  determining the  vapor 
pressure  of var ious l i q u i d  ozone-f l uo r ine  mixtures,  depending on 
the pressures  t o  be measured. The f i r s t  technique was developed 
f o r  measurements a t  low pressures  ( t o  1.5 a tm).  The l i q u i d  ozone, 
which was condensed a t  l i q u i d  oxygen temperature (-183OC) i n t o  a 
c a l i b r a t e d  g l a s s  t u b e ,  was pumped on a t  reduced pressure  t o  remove 
any r e s i d u a l  oxygen, and then the  t o t a l  volume was measured with a 
cathetometer.  The measured amount of ozone was then t r a n s f e r r e d  
quan t i t a t ive ly  t o  a g l a s s  tube  by d i s t i l l a t i o n .  The above procedure 
was repeated wi th  l i q u i d  f l u o r i n e  condensed 'at l i q u i d  n i t rogen  
temperature (196OC), and t h e  two l i q u i d s  w e r e  allowed t o  come t o  
equi l ibr ium be fo re  a vapor p re s su re  reading  was taken. Readings 
were taken a t  ba th  temperatures of 75.7, 77.7, and 90.2OK. These 
temperatures w e r e  measured with a.n oxygen vapor p re s su re  thermometer. 
Af te r  the  i n i t i a l  values had been determined, add i t iona l  known 
amounts of f l u o r i n e  were admitted t o  t h e  U-tube, and vapor pressure  
readings were again taken. The data  obta ined  i n  this manner fo r  a 
s e r i e s  of ozone-fluorine mixtures a r e  given i n  Fig. 1. 

Considerable time was r equ i r ed  f o r  the  l i q u i d  mixtures t o  come 
t o  equi l ibr ium i n  the  o r i g i n a l  U-tube, and i t  w a s  thought . tha t  a 
s t i r r i n g  bar  would ensure a homogeneous s o l u t i o n  of t h e  t w o  l i q u i d s  
i n  the  modified apparatus .  However, i n  each of t h e  three attempts 
t o  u s e  a Teflon-coated s t i r r i n g  bar  on the  90 m o l e  % ozone m i s t u r e s ,  
t he  apparatus was destroyed by an explosion. Apparently,  t he  
mixtures which have high ozone concent ra t ions  a r e  as s e n s i t i v e  t o  
the  wiping ac t ion  of t he  s t i r r i n g  bar along t h e  g l a s s  su r face  of 
the r e se rvo i r  a s  i s  100% ozone (from previous exper ience) .  

The values a t  g rea t e r  than 50 mole % ozone were obta ined  i n  a 
r e se rvo i r  which has a l a r g e  c ross -sec t iona l  area, i n  t h e  hope t h a t  
t h i s  apparatus would f a c i l i t a t e  m a s s  t r a n s f e r  between t h e  two 
l i q u i d  phases ( f l u o r i n e  on top  of ozone).  

a l l -meta l  s y s t e m  similar t o  t h a t  used f o r  measurements on ozone- 
I n  t h e  second technique ( t o  20 atm) , t h e  apparatus  was a n  
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oxygen m i ~ t u r e s . ~  
steel .  I t  cons i s t ed  of 1-inch bar  s tock  (1-1/2 inches l o n g ) ,  
Swagelok f i t t i n g s ,  a p r e s s u r e  gauge, and a copper-constantan 
thermocouple. T h e  s y s t e m  had a volume of 20.1 cc. 

The t e s t  chamber w z s  cons t ruc ted  of s t a i n l e s s  

The experimental procedure cons i s t ed  of determining t h e  l i q u i d  
l i n e s .  The r e s u l t s  a r e  shown i n  Fig. 2 .  When the volume of vapor 
i n  a c losed  s y s t e m  is  k e p t  small r e l a t i v e  to  t h e  volume of l i q u i d ,  
t h e  amount of l i q u i d  that  m u s t  be vaporized to g ive  a 20-atm 
p res su re  is s m a l l .  Thus, t he  composition of t h e  l i q u i d  w i l l  be  
changed b y  only a n e g l i g i b l e  amount. For these determinations the  
composition of the charge was known accura t e ly ,  and provis ion  w a s  
made for  a g i t a t i o n  of the tes t  bomb. 

As determined by t h i s  method, the vapor p re s su re  of pure 
f l u o r i n e  w a s  found t o  be i n  agreement with t h e  value r epor t ed  by 
L a n d a ~ , ~  and the  vapor p re s su re  of  oxygen w a s  found t o  be i n  
agreement with the va lue  r epor t ed  i n  NBS Circular No. 564.5 
v e r i f i e d  t h a t  f a c t  t h a t  t h e  pressure and temperature ind ica to r s  
were co r rec t  r e l a t i v e  t o  each o ther .  

This 

RESULTS AND CONCLUSIONS 

The densi ty  s t u d i e s  i n d i c a t e  t h a t  l i q u i d  ozone-fluorine mixtures 
are homogeneous and n o t  s u b j e c t  t o  decomposition a t  t h e  temperatures 
inves t iga ted .  Some of t h e  l i q u i d  m i x t u r e s  detonated during t h i s  
s tudy ,  bu t  only those  of  h igh  (g rea t e r  than 60 w t  %) ozone 
concentrat ion.  This  apparent  hazard should not  be d is turb ing ,  s ince  
ca l cu la t ions  show t h a t  t h e  t h e o r e t i c a l  s p e c i f i c  impulse  of s y s t e m s  
conta in ing  JP-4 and ozone-f luorine mixtures is a t  a maximum when the 
ox id ize r  cons i s t s  of 30 w t  % ozone i n  f l u o r i n e .  A mixture of t h i s  
composition r e q u i r e s  very few handl ing precaut ions over those 
observed w i t h  100% l i q u i d  f luo r ine .  

Liquid ozone is approximately t en  t i m e s  more viscous than 
f l u o r i n e  a t  -183OC; b u t  even l i q u i d  ozone supercooled a t  -195.8OC 
flows r ead i ly  (4.15 cp) . The v i scos i ty  of t h e  so lu t ions  decreases 
r a p i d l y  a s  f l u o r i n e  is added, and a semilog r e l a t i o n  is appro..imated 
when v i s c o s i t y  is p l o t t e d  a s  a func t ion  of composition a t  -183 and 
-195.8OC. The s u r f a c e  t ens ion  of ozone is approximately three t i m e s  
t h a t  of  f l uo r ine .  

The vapor p r e s s u r e  s t u d i e s  w e r e  s t ra ight forward ,  and t h e  
r e s u l t s  i nd ica t e  noth ing  o u t  of the ordinary when t h e  vapor pressures  
of  t h e  ind iv idua l  components are compared w i t h  those  observed f o r  t h e  
mixtures .  The importance of these tests,  however, l ies i n  the  f a c t  
t h a t  they show the l i q u i d  ozone-fluorine mixtures t o  be  homogeneous 
and no t  subjec t  t o  decomposition a t  t h e  temperatures inves t iga ted .  

i 
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